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Introduction determined. Here, we identify an actin-sensitive component of transmitter release machinery. F-actin depolySynaptic vesicle exocytosis, in comparison to constitutive secretory processes, is under strict spatial and temmerization by latrunculin A (LatA) rapidly increases exocytosis by a mechanism independent of intracellular poral regulation (Zucker, 1996; Neher, 1998) . The exceptional precision of neurotransmitter release occurring Ca 2ϩ in cultured hippocampal neurons. The size of the RRP and the refilling rate of the RRP are unchanged from synaptic vesicle fusion derives from the active zone, where the release-ready vesicles are juxtaposed following LatA treatment. Our observations are unexpected from the presumed requirement for F-actin in to Ca 2ϩ channels (Robitaille et al., 1990; Cohen et al., 1991) . Once synaptic vesicles are recruited to the active regulating synaptic vesicle recruitment to the plasma membrane. Our findings indicate that changes in actin zone by targeted vesicle "docking", this step is followed by a series of reactions referred to as "priming" that dynamics have direct consequence on the efficacy of neurotransmitter release at the active zone. prepare the vesicles for fusion. Primed vesicles can then rapidly fuse in response to localized Ca 2ϩ influx from nearby Ca 2ϩ channels. While many components of synResults aptic vesicles and the proteins with which they associate have been identified, we still do not understand the Characterization of Actin in molecular mechanisms that underlie docking and primthe Presynaptic Terminal ing at the active zone. A potential active participant of We first examined the distribution of actin in presynaptic the presynaptic release machinery is the cell cytoskeleterminals of cultured hippocampal neurons. Actin was ton, although it has been frequently overlooked as a visualized by the expression of a plasmid encoding serigid element that contributes peripherally to release quences for enhanced green fluorescent protein (GFP) mechanisms. Recent studies demonstrate that actin fused to the N terminus of ␤-actin DNA, or by labeling dynamics play a major role in rapid morphological plaswith fluorescently tagged phalloidin after cell fixation. ticity of dendritic spines on a time scale of seconds As expected, GFP-actin fluorescence largely coincided (Fischer et al., 1998). Similarly, if actin-mediated dywith rhodamine-phalloidin labeling ( Figure 1A) ; however, namic changes in the structural state of the active zone we noted that some GFP-actin fluorescence did not occur on the presynaptic side, such changes might always colocalize with phalloidin and vice versa (Figure modulate the efficacy of synaptic vesicle docking, prim-1A, enlarged views). To specifically observe presynaptic ing, and/or fusion.
actin we focused on synaptically connected pairs of F-actin is the major cytoskeletal element identified in hippocampal neurons in which one of the neurons expressed GFP-actin at highly detectable levels ( Figure  1B ). The axonal GFP-actin along a unique thin process marker bassoon (tom Dieck et al., 1998; Figures 1B and neuron were examined, the GFP-actin puncta colocalized with GluR1 and were juxtaposed to, rather than 1C, enlarged views). Previous characterization has shown that bassoon is tightly bound to membrane-assooverlapping, with bassoon puncta ( Figure 1D ). ciated cortical cytoskeleton and that bassoon immunoreactivity is found condensed at the synaptic junction Latrunculin A Enhances the Rate of mEPSC A possible role of actin in regulating neurotransmitter adjacent to the active zone. Such tight labeling is in contrast to synaptic vesicle markers that are present release was investigated in excitatory autapses of cultured hippocampal neurons (Bekkers and Stevens, more diffusely throughout the presynaptic terminal (tom Dieck et al., 1998). Similarly, we find that presynaptic 1991). We monitored the effects of LatA, a toxin isolated from marine sponges that promotes actin depolymeriza-GFP-actin forms a more condensed punctum when compared to SV2 labeling in the same cells (data not shown).
tion by sequestering actin monomers (Spector et al., 1999) , on properties of spontaneous miniature excitWe confirmed the specificity of presynaptic GFP-actin by labeling with antibodies against the postsynaptic atory postsynaptic currents (mEPSCs) representing fusion of a single synaptic vesicle (Katz, 1969). Bath appli-AMPA receptor subunit GluR1 and bassoon. When present, GluR1 immunoreactivity was always found adjacent cation of LatA (20 M) rapidly increased the frequency of mEPSC by ‫5ف‬ fold. The peak increase was reached to the overlapping GFP-actin and bassoon fluorescence ( Figure 1C ). While the dendritic actin visualized by phalbetween 5 and 10 min after the start of LatA application (Figures 2A and 2B ). The stimulatory effect of LatA was loidin labeling rarely colocalized with bassoon, it was frequently found juxtaposed to bassoon, consistent with short lived, and the decline in mEPSC rate was not caused by a general deterioration of responses trigenrichment of actin in the postsynaptic terminal (Fifkova and Delay, 1982; Matus et al., 1982) . When synapses gered by the drug application since the mEPSC rate returned to baseline levels and remained stable followformed between the dendrites of the GFP-actin expressing neuron and the axons of the GFP-actin negative ing washout of LatA. Subsequent reapplication of LatA displays a weak Ca 2ϩ dependence (M. M. and Y. G., unpublished data). The LatA-mediated increase in mEPSC To determine whether LatA alters the quantal size, mEPSC amplitude distributions were compared in confrequency, therefore, might be due to a slow rise in intracellular Ca 2ϩ that is brought about by actin depotrol and during the period of peak increase in mEPSC rate induced by LatA. As shown in Figure 2A (graph c) lymerization. To test this, LatA was applied in reduced extracellular Ca 2ϩ (0.3 mM)-a concentration that blocks and Figure 2C , the increase in mEPSC frequency did not accompany a change in the size of mEPSC. Since evoked synaptic transmission-and we observed that mEPSC frequency increased to a similar extent as in the mEPSC detected under our experimental condition is primarily mediated by AMPA receptors, our results control conditions ( Figure 2D ). LatA application following a 15 min incubation in EGTA-AM (100 M) or BAPTAindicate that LatA treatment does not change the AMPA receptor sensitivity and/or distribution within individual AM (30 M) also caused a robust increase in the mEPSC rate that was similar to control ( Figure 2D ). In addition, synapses when it elevates the frequency of spontaneous events. The observed increase in mEPSC rate is consisintracellular application of 30 mM BAPTA in autaptic it had no effect on mEPSC frequency on its own. Protection of LatA effects by jaspamide indicates that the LatAinduced increase in mEPSC frequency was caused by modulating F-actin dynamics and was not due to nonspecific effects of trace impurities. We also tested whether cytochalasin D-an actin polymerization inhibitor which acts by capping the barbed (plus) end of actin-could stimulate the frequency of spontaneous synaptic responses. As shown in Figure  3B , 20 M cytochalasin D had no effect on the mEPSC rate whereas subsequent application of LatA increased mEPSC frequency in the same cells. Another actin depolymerization agent, swinholide A, which sequesters actin dimers and displays actin severing activity (Spector et al., 1999) , also had no effect on the mEPSC frequency (data not shown). The increase in mEPSC rate, therefore, is most sensitive to the latrunculin-family of actin depolymerizing compounds. of RRP before and during LatA treatment by a pairwise application of sucrose solution. We monitored the refillSpecificity of Actin Depolymerizing Agents ing rate when the increase in mEPSC frequency was for Augmenting mEPSC Frequency maximal (5-10 min after the start of LatA incubation; To confirm that the LatA-dependent increase in mEPSC Figure 2) . Surprisingly, LatA had no effect on the refilling rate was mediated by actin depolymerization, we tested rate ( Figure 4C ). The recovery curves in both conditions whether prior incubation with an actin stabilizer prevents were well fitted by a single exponential with a time conthe observed effects. Pretreatment with jaspamide ( reactivity remained associated with the longer presyn-for control and LatA). The overall cell morphology was not altered by a 7 min LatA incubation (data not shown). These observations are consistent with previous findings that reported no major morphological changes in hippocampal neurons even after a prolonged incubation in LatA (Allison et al., 1998; Fischer et al., 1998) .
LatA Does Not

Discussion Presynaptic Actin Negatively Regulates Neurotransmitter Release
We describe here a novel form of actin-dependent regulation of neurotransmitter release at central synapses. Bath application of LatA-an actin depolymerizing agent-reliably augments the mEPSC frequency, independently of Ca 2ϩ and mechanisms regulating the size and rate of refilling of the RRP. LatA also increases the EPSC size in a manner consistent with an increase in release probability. A recent report has shown that bath application of low concentrations of actin depolymerizing drugs to hippocampal slices impairs the stability of long-term synaptic plasticity without any effects on baseline synaptic transmission (Krucker et al., 2000) . Another study, however, has reported that actin depolymerization induced by higher concentrations of latrunculin B or cytochalasin D generates wide-ranging defects in baseline synaptic transmission involving both pre-and postsynaptic changes, in addition to their inhibitory effects on long-term synaptic plasticity (Kim and Lisman, 1999). In these studies, the effects of actin polymerization inhibitors are examined after a prolonged application, following tens of minutes. We circumvent the potential multiple effects of relatively high concentrations of the actin inhibitors by focusing on short-term consequences of drug application. Our observations indicate that LatA-mediated facilitation of neurotransmitter release is caused by directly interfering with presyn- actin signal facilitated the morphological analysis. An equal threshto 8800 cells/cm 2 onto the glial monolayer. Culture medium conold was set on the images to provide an outline of the ellipsoid fit sisted of 1mM BME supplemented with sodium pyruvate, 10 mM of the bassoon immunofluorescence puncta using the Metamorph HEPES-NaOH, 0.3% glucose, 50 mg/ml penicillin, 50 units/ml strepsoftware. The shape index was computed as the ratio of the lengths tomycin, and 10% fetal bovine serum. Neuronal cultures were used of the major and minor axis for each ellipse. An increase in the 10-18 days after plating. No differences in the synaptic properties shape index would thus correspond to elongation of the presynaptic were observed between mouse and rat hippocampal neurons; thus, cytoskeletal matrix. experiments using rat and mouse cultures were pooled for data analysis.
Immunocytochemistry and transfection experiments were perElectrophysiology Experiments were performed using recurrent excitatory synapses formed on neurons grown in serum-free Neurobasal medium supplemented with B27 (Life Technologies; 
